The activity of glycogen phosphorylase (1,4-a-D-glucan:orthophosphate a-D-glucosyltransferase, EC 2.4.1.1) is controlled by a cyclic phosphorylation-dephosphorylation process through the action of the interconverting enzymes, phosphorylase b kinase (ATP:phosphorylase-b phosphotransferase, EC 2.7.1.38) and phosphorylase a phosphatase (phosphorylase a phosphohydrolase, EC 3.1.3.17). In muscle tissue, the combined concentration of the activated (phospho-) form, phosphorylase a, and the nonactivated (dephospho-) form, phosphorylase b, is substantially greater than the Km of either of the interconverting enzymes for its phosphorylase substrate. It has been predicted that, under such a set of conditions, a sensitivity amplification will occur for phosphorylase regulation due to the zero-order ultrasensitivity effect [LaPorte, D. C. & Koshland, D. E., Jr. (1983) Nature (London) 305, 286-290]. The sensitivity amplification will enhance the responsiveness of the phosphorylase interconversion cycle to changes in the ratio of activities of the kinase to phosphatase. We have studied the cyclic interconversion process using purified muscle enzymes in steady-state reactions and found that there is an enhancement in the control sensitivity of the process due to the zero-order ultrasensitivity effect. The potential for the in vivo enhancement of sensitivity in glycogen degradation by this effect is discussed.
The production of glucose 1-phosphate from glycogen and inorganic phosphate is controlled by the activity of glycogen phosphorylase (1,4-a-D-glucan:orthophosphate a-D-glucosyltransferase, EC 2.4.1.1), an enzyme regulated by the welldescribed phosphorylation/dephosphorylation cycle shown in Fig. 1 (1-3) . The sequence of hormone-k adenylate cyclase --cAMP --cAMP-dependent protein kinase --phosphorylase b kinase -* phosphorylase --glucose 1-phosphate can be estimated to produce a potential signal amplification with a magnitude change of 106 even after dilution and other losses. The large magnitude amplification § of such cascades will often be unnecessary in physiologically well-regulated systems, where homeostasis will allow only relatively small changes in metabolite levels. In contrast to magnitude amplification, sensitivity amplification processes are those in which small relative changes in the concentration of an effector can result in a larger relative change in the response (for example, a 2-fold change in effector concentration might produce a 10-fold increase in the response). Three methods of sensitivity amplification have been compared by Koshland et al. (4) : (i) positive cooperativity, (it) multiple inputs along a pathway, and (iii) the recently described zero-order ultrasensitivity (5) . The enhanced sensitivity in this latter case occurs in cyclic activation systems when one or both of the interconverting enzymes are nearly saturated with substrate and, therefore, are operating in or near their "zeroorder" region with regard to substrate. , which phosphorylates its substrate, and phosphorylase a phosphatase (phosphorylase a phosphohydrolase, EC 3.1.3.17), which removes the phosphate esters. The nature of the cyclic interconversion is such that, if the total phosphorylase concentration is greater than the Michaelis constants for the enzymes, then at any time at least one of the specific substrates will be above the Michaelis constant for the enzyme acting on that substrate. The steady-state level of phosphorylase a is maintained at the expense of the energy of hydrolysis of ATP.
Based on a mathematical analysis, it has been suggested by LaPorte and Koshland (6) that the regulation of the activation/inactivation cycle of glycogen phosphorylase may be subject to sensitivity enhancement by the zero-order ultrasensitivity effect (7) . For that mechanism to operate, the Michaelis constant (K) of either phosphorylase b kinase, or phosphorylase a phosphatase, or both, must be lower than the combined concentration of phosphorylase a and phosphorylase b. The concentration of phosphorylase in rabbit skeletal muscle has been estimated to be as high as 100 ,M (8) and the Km values for both the phosphorylase b kinase and phosphorylase a phosphatase are 30 ,4M or less (9, 10) . Under these conditions one or the other enzyme will always be operating at a substrate concentration well above its Km for that substrate. Using a system consisting of glycogen phosphorylase, phosphorylase b kinase, and phosphorylase a phosphatase, we have experimentally demonstrated that the regulation of the interconversion of active and inactive phosphorylase is subject to the zero-order ultrasensitivity effect.
MATERIALS AND METHODS
Homogeneous phosphorylase b was isolated by the method of Fischer and Krebs (11) , phosphorylase a was prepared by the procedure of Krebs and Fischer (12) , and phosphorylase b kinase was purified as described by Cohen (13) . A purified but not homogeneous preparation of phosphorylase a phosphatase was prepared as described by Ballou et al. (14) . The catalytic subunit of cAMP-dependent protein kinase isolated from pig heart was a gift of Susan Taylor (15 (5) 
R, is defined as the ratio of the value of Vk/Vp, that will result in 90% of total phosphorylase in its active form to the value of Vk/Vp required for 10o active phosphorylase.
For a complete mathematical analysis of zero-order ultrasensitivity refer to papers of Goldbeter and Koshland (5, 7).
Curve fitting of the experimental data to the steady-state expression was carried out by using the BASIC nonlinear regression program of Duggleby (19) . The curve fitting program evaluated K1 and K2 of Eq. 1 to give a minimum deviation between the experimental data and the calculated function. The starting estimates of K1 and K2 were based on the Km values obtained by initial rate studies. Once the best values for K1 and K2 were obtained, the computer was used with those constants to generate the curves shown in the figures.
RESULTS AND DISCUSSION
In the tissues of a living animal, the cyclic interconversions between phosphorylase a and phosphorylase b are regulated by the levels of phosphatase and kinase activity, which in turn are determined by a variety of hormonal and neurological factors. To simulate such physiological changes in vitro, one can simply change the ratio of the two purified enzymes. The results shown in Fig. 2 A potential for sensitivity decrease could occur when there are high molar concentrations of the kinase and phosphatase relative to phosphorylase, which would remove a significant amount of the phosphorylase as enzyme-bound product (5) . In these studies, the concentrations of converting enzymes (kinase and phosphatase) were between 0.1 and 10 nM so that nonproductive binding by the kinase and phosphatase oftheir phosphorylase products (1-100 MM) did not affect the sensitivity curves.
The ATP-regenerating system of phosphocreatine and creatine phosphokinase was used, in part, to prevent the accumulation of 5'-AMP as a secondary degradation product of the conversion of ATP to ADP in the phosphorylase kinase and cAMP-dependent protein kinase reactions. The formation of 5'-AMP during the reaction would result in an increasing level of phosphorylase activity because of the direct activation of phosphorylase b by that nucleotide. The constancy of the steady-state level of activated phosphorylase would appear to rule out the activation of the enzyme by the accumulation of 5'-AMP.
The sensitivity coefficient, Rv, can be seen from Eq. 2 to range from 81, when the substrate concentration is much less than the Km (pseudo-first-order region), to a level approaching 1.0, when the substrate concentration is much greater than the Km values for both of the interconverting enzymes. While, as expected, the greatest sensitivity was observed at 70 MM (R, = 6.5), there is an enhanced sensitivity (R, = 25.8) even at 20 MM, which is very near the Km for the interconverting enzymes under the conditions of the steady-state assays. The fitted line from the data at 70 AM is replotted in Fig.   3 after normalizing it to show the mole fraction of phosphorylase a as a function of the value of Vk/Vp divided by the value of that ratio that produced a mole fraction of phosphorylase a equal to 0.5. The dashed line is the theoretical response line drawn by using the constants derived from the Km values determined independently by initial rate studies of the kinase and phosphatase acting on their respective phosphorylase substrates. The similarity of the line based on the steady-state data to the line predicted by application of Eq. 1 to constants determined in initial rate studies supports the conclusion that the phosphorylase cycle is subject to the zero-order ultrasensitivity effect. For purposes of comparison, a calculated hyperbolic response line is shown for a first-order response. The length of the bars at the top of the figure is proportional to the change in velocity ratio needed to cause a change of the mole fraction of phosphorylase a from 0.1 to 0.9. Clearly a much smaller change in velocity ratio is required at the zero-order substrate level.
The first demonstration of zero-order ultrasensitivity by LaPorte and Koshland was with the cyclic phosphorylation/dephosphorylation of isocitrate dehydrogenase from Escherichia coli (6) . In that case the kinase and phosphatase appear to reside on a single polypeptide chain. Thus, rather than varying the kinase/phosphatase ratio by adding differing amounts of the enzymes, they used the effector 3-phosphoglycerate, which increases the Vma, of the phosphatase without changing the phosphatase Km (3.0 MM). Since the effector also acted as an inhibitor of the kinase activity, a show zero-order ultrasensitivity in an in vitro system with separable phosphatase and kinase activities, where it is possible to independently manipulate the two interconverting enzymes. The present report also extends the range of organisms with enzymes subject to the zero-order ultrasensitivity effect from prokaryotes to mammals, indicating that this effect may be of general importance.
The question of the significance of the zero-order effect in the intact muscle, resting or contracting, remains to be answered. The relationship of the activities of the enzymes used here to the properties of the same enzymes in the physiologic state must be considered. Phosphorylase b kinase is phosphorylated in our system and in vivo by cAMP-dependent protein kinase, while we have chosen to use a phosphatase preparation that is clearly not native enzyme. The trypsin-treated preparation has properties similar to those of the native catalytic subunit of phosphoprotein phosphatase (14) and provided a stable enzyme whose activity was easily modulated in these first studies. Use of more nearly native enzymes in future work should allow assessment of the role of zero-order ultrasensitivity in the physiologic state.
An additional concern in examination of the relevance of this effect is the energy cost to the organism of the maintenance of a steady state for the phosphorylase cycle as ATP is consumed. Shacter et al., using literature values for the amounts of phosphorylase a phosphatase and phosphorylase b kinase in rabbit muscle, concluded that the cyclic system would turn over ATP at approximately 1 mM/min (21) . From our review of Cohen's data (13) and our own experience, we conclude that the maximum rate of activated phosphorylase b kinase is 5 mM/min in rabbit muscle. Since there is no single, generally used phosphatase preparation, we have considered four and found a range of 0.06 to 0.22 mM/min for phosphorylase a phosphatase (14, (22) (23) (24) . If the phosphatase is limiting, one may conclude that the zero-order ultrasensitivity regulation of phosphorylase is maximally capable of consuming ATP at between 0.06 mM/min and 1 mM/min. It is important to note that the rate of ATP consumption will not be proportional to the degree to which phosphorylase is in its active or inactive form. In this steady-state system, the cost to keep phosphorylase mostly dephosphorylated can be nearly the same as that needed to keep it in the predominantly phospho-form. In order to maintain a steady-state condition, a 10% decrease in kinase rate would force a 10% decrease in the phosphatase activity. Based on our results, this would result in a 30% change in active phosphorylase but only a 10% reduction in the rate of ATP hydrolysis. Apparently, effective regulation is an expensive item in the cellular energy budget.
It is of interest to compare the above estimates with the amount of ATP being produced by the cell for all of its energy-using processes. Shacter et al. cite a value of 2 M/min for liver tissue (21) . Using data from resting mouse skeletal muscle on the consumption of oxygen (150 nmol/g per min) and lactate production (9 nmol/g per min), one can estimate ATP turnover by assuming 6.3 mol of ATP per mol of 02 and 1.5 mol of ATP per mol of lactate (25) . The value obtained by this calculation is 2 mM/min, 1/1000th the value cited by Shacter et al. for liver (21) . Liver has many synthetic activities requiring large amounts of ATP compared to quiescent skeletal muscle. If our interpretation is correct, the maintenance of the phosphorylase cycle may potentially consume 3-50% of the total ATP flux in resting skeletal muscle. The higher number is not likely to be achieved because the phosphatase and kinase are presumably not maximally active in the resting muscle. In any case, the amount of ATP cycled through the resting muscle cell appears to be sufficient to provide the energy requirements of the cyclic activation/inactivation of phosphorylase under the control of the zero-order ultrasensitivity.process. $inal judgment of the physiological significance of the mechanism will have to wait for determination of the various parameters discussed here in an intact or nearly intact muscle.
